Alkylation of DNA at the O 6 -position of guanine is one of the most critical events leading to mutation, cancer, and cell death. The enzyme O 6 -methylguanine-DNA methyltransferase repairs O 6 -methylguanine as well as a minor methylated base, O 4 -methylthymine, in DNA. Mouse lines deficient in the methyltransferase (MGMT) gene are hypersensitive to both the killing and to the tumorigenic effects of alkylating agents. We now show that these dual effects of an alkylating agent can be dissociated by introduction of an additional defect in mismatch repair. Mice with mutations in both alleles of the MGMT gene and one of the mismatch repair genes, MLH1, are as resistant to methylnitrosourea (MNU) as are wild-type mice, in terms of survival, but do have numerous tumors after receiving MNU. In contrast to MGMT ؊͞؊ MLH1 ؉͞؉ mice with decrease in size of the thymus and hypocellular bone marrow after MNU administration, no conspicuous change was found in MGMT
Chemical modification of cellular DNA can be induced by the action of alkylating substances, either externally administered or produced through endogenous metabolic pathways. Among the various alkylated bases formed in DNA, O 6 -methylguanine is regarded as being highly responsible for the induction of mutation and cancer in organisms (1) (2) (3) . O 6 -methylguanine can pair with thymine as well as cytosine during DNA replication, leading to G:C to A:T transition mutation (4, 5) .
To repair the premutagenic base in DNA, organisms possess a specific repair protein, O 6 -methylguanine-DNA methyltransferase. The enzyme transfers methyl groups from O 6 -methylguanine and O 4 -methylthymine, the latter being formed less frequently, in DNA to the cysteine residue of its own molecule, thereby repairing the DNA lesions in a single-step reaction. Because the reaction irreversibly inactivates the enzyme, the repair capacity for O 6 -methylguanine depends on the number of methyltransferase molecules in the cell (6) (7) (8) . Some tumor-derived cell lines are hypersensitive to alkylating agents, and these cell lines, termed Mer Ϫ or Mex Ϫ , have little or no methyltransferase activity (9) (10) (11) .
To clarify the roles of methyltransferase in carcinogenesis, animal models with altered levels of the enzyme activity have been developed. Transgenic mice carrying extra copies of methyltransferase genes and cDNA with functional promoters exhibited significantly reduced rates of tumor formation after administration of low doses of alkylating agents (12, 13) . Recently, we established mouse lines defective in the MGMT gene, encoding O 6 -methylguanine-DNA methyltransferase (14) . A large number of tumors occurred in MGMT Ϫ͞Ϫ mice exposed to low doses of methylnitrosourea (MNU) and dimethylnitrosoamine whereas no or few tumors occurred in normal mice treated in the same manner (15, 16) . Another notable feature of the gene-targeted mice was their extraordinary high sensitivity to killing effects of alkylating agents; LD 50 of MGMT Ϫ͞Ϫ mice was less than one-tenth of these values for both MGMT ϩ͞ϩ and MGMT ϩ͞Ϫ mice (14, 15) . The bone marrow of the treated MGMT Ϫ͞Ϫ mice became hypocellular, and there was a drastic decrease in the number of peripheral leukocytes and platelets, thereby indicating an impaired reproductive capacity of hematopoietic stem cells (14) . Because methyltransferase apparently protected these mice from the pancytopenia caused by the alkylating agent, these alkylated bases may be responsible for death of the rapidly growing cells.
These lethal effects caused by simple alkylating agents may relate to inappropriate processing of mismatched bases. This was first suggested in studies with Escherichia coli dam Ϫ strains, in which mutations in the mismatch recognition genes mutS and mutL afforded protection against toxicity of alkylating agents (17, 18) . Recent studies indicated that an acquired resistance of mammalian methyltransferase-deficient Mer Ϫ cell lines to alkylating agents is associated with the loss of capacity for mismatch repair, a phenomenon known as ''methylation tolerance'' (19, 20) . The accumulation of alkylated bases in chromosomal DNA may provoke abortive mismatch repair, an event that could lead to cell death (21) . If this thesis is tenable, then introduction of a mismatch repair gene defect would render methyltransferase-deficient mice resistant to the lethal action of alkylating agents. In such mice numerous tumors would occur on exposure to sublethal doses of alkylating agents because mutation-evoking methylated bases persist in the DNA.
To test this hypothesis, we generated mice defective in both MGMT and MLH1, the latter encoding a protein that functions at an early step of mismatch repair process. These MGMT
Ϫ͞Ϫ

MLH1
Ϫ͞Ϫ mice exhibited an acquired resistance to MNU in terms of killing effect, but maintained the high sensitivity in tumor formation. Such mice may be useful for evaluating carcinogenic effects of various substances, including those for therapeutic application.
MATERIALS AND METHODS
Generation of MGMT
؊͞؊ MLH1 ؊͞؊ Mice. MGMT-knockout mice were developed as described (14) . In brief, the targeting vector containing an 8.0-kb MGMT genomic sequence interrupted by a polII-neo-poly(A) cassette and flanked by a pair of herpes simplex thymidine kinase genes for negative selection ( Fig. 1 A Upper) was electroporated into CCE embryonic stem cells. Colonies doubly resistant to G418 and ganciclovir were selected and the ES cells were microinjected into C57BL͞6J blastocysts to produce chimeric mice. Male chimeric mice were tested for germ-line transmission of the mutant allele and were then used to acquire heterozygous mutant mice. Homozygous mutant mice were obtained by crossing a pair of heterozygous mice. Development of MLH1 ϩ͞-mutant mice used for these experiments will be described elsewhere (S.T., H.T., and T.N., unpublished data). A region of the MLH1 sequence carrying an exon corresponding to exon 16 of the human gene was replaced by a PGK-neo-poly(A) cassette ( Fig. 1 A Lower) . This MLH1 mutation is an in-frame deletion of 165 nt, which is found in some Finnish HNPCC (hereditary nonpolyposis colorectal cancer) kindreds (22) . The two types of genetargeted mice were mated to produce MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice. Genotypes of these mice were determined by PCR analyses and Southern blot hybridization, by using appropriate primers and probes (14) . Primers for amplifying the MGMT sequence were P1 (5Ј-GTGTTGGACAGCCCTTTG-3Ј), P2 (5Ј-TGCA ATCCATCT TGT TCA ATG-3Ј), and P3 (5Ј-CTCATGGGATTCAACACC-3Ј), resulting in a 380-bp PCR product for wild-type allele and an 800-bp product for mutated allele. Primers for the wild-type MLH1 sequence were MLH4 (5Ј-AAGAAGAAAGCGGAGATGCTTGCAGAC-3Ј) and MLH5 (5Ј-GATAGATACATGCTGCTTCTGAGGGGA-3Ј), resulting in a 260-bp PCR product. For the mutated MLH1 allele, the primers used were PGK3 (5Ј-CCTGAAGAAC-GAGATCAGCAGCCTC-3Ј) and MLH3 (5Ј-GAACAGTCT-GAGCGTGAAGGTTTCATG-3Ј), resulting in a 220-bp product (Fig. 1B) .
Assay of Methyltransferase Activity. The activity was determined as described (23), but with slight modifications. Thymi of mice were broken into pieces in liquid nitrogen and suspended in buffer B (50 mM Tris⅐HCl, pH 7.5͞10% glycerol͞ 0.1 mM EDTA͞1 mM DTT) containing 100 mM NaCl (24) . The suspension was sonicated and centrifuged to collect the supernatant, as crude extract. The extract was incubated in 200 l of 70 mM Hepes-KOH, pH 7.8͞1 mM DTT͞5 mM EDTA containing [ 3 H]MNU-treated calf thymus DNA (2,750 Bq per assay) at 37°C for 15 min. [ 3 H]MNU (17.5 Ci͞mmol; 1 Ci ϭ 37 GBq) was purchased from Amersham and used to prepare labeled alkylated DNA. After hydrolyzing the DNA in heated trichloroacetic acid, the methyl-accepted protein was collected by centrifugation and radioactivity was determined in a liquid scintillation counter.
MNU Administration. To examine the susceptibility to an alkylating agent, 6-week-old mice were given an i.p. injection of MNU and survivors were counted at 30 days after the treatment. MNU (Nacalai Tesque, Kyoto, Japan) was dissolved in PBS immediately before use. Thymus and bone marrow were examined 7 days after treatment, and MNUinduced tumorigenesis was observed 8 weeks after administration.
RESULTS
Generation of MGMT
؊͞؊ MLH1 ؊͞؊ Mice. Using gene targeting techniques, we generated mice deficient in O 6 -methylguanine-DNA methyltransferase activity (14) . MLH1 gene-knockout mice were developed by replacing the genomic DNA sequence containing an exon corresponding to exon 16 of the human MLH1 gene and the surrounding intron regions by a PGK͞neo cassette (S.T., H.T., and T.N., unpublished data) (Fig. 1A) . Doubly defective mice, MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ , were obtained by crossing the two types of knockout mice. PCR analyses confirmed that these animals indeed carried replacement mutations in both alleles of the two genes (Fig. 1B) . To ensure that the MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice had no repair capacity for O 6 -methylguanine, the methyltransferase activity was determined. As shown in Fig. 1C , practically no methyltransferase activity was present in thymus samples of the double-mutant mice.
Susceptibility to MNU. As an alkylating agent we have chosen MNU because it alkylates DNA without metabolic activation, yielding O 6 -methylguanine and O 4 -methylthymine at levels of 5-11% and 0.1-0.7% of the total alkylated DNA adducts, respectively, both in vitro and in vivo (25) . Four groups of mice with different genotypes, each group consisting of about 40 animals (6 weeks old), were given a single i.p. injection of MNU (30 mg͞kg of body weight). As a control, Proc. Natl. Acad. Sci. USA 95 (1998) PBS was injected into these mice, all of which survived during the period of observation (over 30 days). As shown in Fig. 2A ) were far more sensitive to MNU, and here the LD 50 was about 20 mg͞kg of body weight, that is, less than one-tenth of the value for the double-defective mice and the wild-type mice.
There was a remarkable reduction in body weight of the MNU-administered MGMT Ϫ͞Ϫ MLH1 ϩ͞ϩ mice (14) . Reduction in size of certain organs, such as thymus and spleen, was evident. Fig. 3 shows the gross appearance of thymi of mice on the seventh day after exposure to MNU. However, these events in methyltransferase-deficient mice were nil in MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice treated in exactly the same manner. Weight of the doubly defective mice was practically normal as was size of internal organs, even after treatment with MNU. Fig. 4 shows the histology of findings in bone marrow from all the mice, given or not given MNU treatment. There is no apparent difference in the three groups of PBS-treated mice (Fig. 4 A, C, and E) . Hematopoietic cells in the bone marrow of MGMT Ϫ͞Ϫ MLH1 ϩ͞ϩ mice treated with MNU were few (Fig. 4D) , whereas various types of hematopoietic cells were preserved in similarly treated wild-type and MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice (Fig. 4 B and F) . Therefore, in this respect also, the doubly defective mice are resistant to MNU.
Tumor Formation After MNU Administration. Methyltransferase-deficient mice would be less refractory to tumorinducing effects of alkylating agents than methyltransferaseproficient mice, and this was clearly shown in our previous studies (15, 16) . However, in these experiments, only small doses of alkylating carcinogens were given because methyltransferase-deficient mice are hypersensitive to the lethal effect of alkylating agents. 
MLH1
Ϫ͞Ϫ mice had a thymic lymphoma whereas no lymphoma was present in wild-type mice. The tumor covering lungs and heart with effusion into the thoracic cavity weighed 0.457 g on average and was about 10 times heavier than that of the normal thymus. In an about half the number of tumor-bearing animals, the lymphoma had infiltrated other organs. Histological examination revealed that the tumor was composed of a diffuse proliferation of lymphoma cells. In addition, lung adenomas were present in two of the MNU-administered MGMT
Ϫ͞Ϫ mice were treated with MNU, a thymic lymphoma was also induced (see Table 1 ). The number was fewer as compared with the case of MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice but the lymphoma infiltration was similar. This 
Ϫ͞Ϫ mice, in agreement with previous studies (26) . This number was not increased significantly in the case of MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice background (data not shown).
DISCUSSION
Making use of gene targeting, we developed mouse lines defective in both alleles of the MGMT gene (14) . Such mice are extraordinarily sensitive to alkylating agents. Pancytopenia, atrophy of the thymus and the spleen, hypocellular bone marrow, and degenerative change in intestinal endothelial cells all occur. Because stem cells of bone marrow and epithelium rapidly divide and apoptotic cell death can occur after G 2 ͞M arrest in the second cycle of cell proliferation, rapid death of stem cells in such tissues might lead to dysfunction of vital organs. Induction of apoptotic cell death by alkylating agents occurred in mouse embryonic cell lines deficient in methyltransferase (27) .
We then asked how the persistence of O 6 -methylguanine in DNA causes apoptotic cell death. The alkylated base is a structurally minor DNA lesion and does not seem to block DNA replication (2, (6) (7) (8) . The DNA replication fork proceeds over the site of O 6 -methylguanine, inserting either cytosine or thymine opposite the methylated base. The O 6 -methylguaninethymine pair would cause a G:C to A:T transition mutation after the second cycle of DNA replication or alternatively be recognized by mismatch repair proteins (21, 28) . In the latter case, excision of part of the newly replicated strand with the mismatched base is followed by a resynthesis, again incorporating thymine opposite O 6 -methylguanine. These cycling events, which lead to formation of single-stranded regions at the site of O 6 -methylguanine residues, will produce doublestrand gaps when the DNA is replicated, an event eventually resulting in cell death (21, 28) . It is predicted that loss of A correlation between acquired resistance to alkylating agents and loss of mismatch repair capacity was noted in mammalian cell lines (19, 20) . More recently, mouse ES cells carrying homozygous mutations in the MSH2 gene, encoding a mismatch recognition protein, were seen to have an increased resistance to alkylating agents in the presence of O 6 -benzylguanine, an inhibitor of O 6 -methylguanine-DNA methyltransferase (29) . However, in a lower eukaryote, Saccharomyces cerevisiae, defects in any genes functioning at early steps of mismatch repair did not render cells more tolerant to killing effects of alkylating agents (30, 31) . On the other hand, E. coli dam Ϫ strains with mutations in mismatch repair genes showed an increased resistance to alkylating agents (17, 18) . Thus, responses to DNA alkylation-induced killing appear to differ depending on the type of cells and their genetic backgrounds.
Given these circumstances, it is remarkable that MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice are far more resistant to MNU than are MGMT Ϫ͞Ϫ MLH1 ϩ͞ϩ mice, in terms of survival. The mouse is composed of many types of cells with varied reproduction capacities, but the susceptibility of mice to an alkylating agent may depend on susceptibility of the most sensitive cells, namely populations of the most actively growing cells. In our present study, death of the methyltransferase-deficient mice was closely related to bone marrow damage and dysplastic mucosa of intestines together with crypt abscess, and introduction of the MLH1 mutation resulted in disappearance of this myelosuppression.
In this way, the mismatch repair system appears to eliminate cells with potentially mutation-evoking DNA damage. This means that MGMT Ϫ͞Ϫ MLH1 Ϫ͞Ϫ mice, if exposed to a low dose of alkylating agent, would have many tumors. This is indeed the case, as shown in the present study. Most of the doubly deficient mice had thymic lymphoma whereas no tumor was found in the wild-type mice, although the two types of mice showed similar degrees of resistance to an alkylating agent, in terms of survival. Thus, the killing and the tumorigenic effects of alkylating agents could be dissociated by disruption of the two genes related to independent DNA repair processes.
Although mutations in both alleles of the two genes might be a rare occurrence, expression of the genes could be suppressed under certain physiological conditions. In some tumor-derived cells, no or only little methyltransferase protein and its mRNA are formed (7, 8) , and this lack of gene expression has been attributed to alterations in the cytosine methylation pattern of the promoter region of the gene (32) (33) (34) . The lack of MLH1 expression was also seen to correlate with cytosine methylation of the promoter region (35) . The absence of both MGMT and MLH1 expression might occur in certain cells within the human body, perhaps with important clinical implications. It has been well established that hereditary nonpolyposis colorectal cancer (HNPCC) is caused by a defect in mismatch repair genes, which is frequently associated with microsatellite instability. This type of defect can be seen in many types of sporadic tumors, not limited to colorectal cancer (36, 37) . In such cases, application of carcinostatic drugs with an alkylation capacity would cause accumulation of mutations, which in turn convert the cell into a more malignant one. Thus, detailed characterization of tumor cells may be essential when prescribing chemotherapeutic agents.
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